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Abstract: In this study we present and discuss gravity and ground deformation variations, at different
time scales, observed in a wide mesh absolute gravity and GNSS network set up in central Italy. The
network was installed in the area affected by the 2009 (L’ Aquila; Mw 6.1) and 2016 (Amatrice-Norcia;
Mw 6.0 and 6.5) seismic activity, in order to verify if gravity and ground deformation variations
could be related to seismic effects. The new network includes 5 stations distributed between the
Lazio, Umbria, and Abruzzo regions. From 2018 to 2020 three campaigns were carried out using
the transportable Micro-g LaCoste FG5#238 and the portable Micro-g LaCoste A10#39 absolute
gravimeters and completed with two simultaneous GNSS measurements. Topographic instruments,
measurement and analysis techniques enabling accurate measurements in the positioning of the
stations and to control their variations over time were applied. The high reliability and accuracy
of the absolute gravity data gathered, after being corrected for known effects, showed a negative
short-term (2018-2020) pattern throughout the area, up to —30 pGal. Since some stations of the new
network coincided with benchmarks already measured in the past, an analysis of long-term gravity
changes was carried out and a fair degree of stability was observed in two stations, while positive
large variations, of approximately 70 and 157 pnGal, were recorded in the other two stations in the
time intervals 1954-2020 and 2005-2010, respectively. On the other hand, variations highlighted by
GNSS height measurements were all below 3 cm. Here, the first long-lasting gravity measurements
carried out with absolute gravimeters in a seismic area in Italy are presented, providing meaningful
geophysical information. The obtained results, in terms of availability of a combined absolute gravity
and GNSS network, definition of data acquisition and analysis procedures, as well as creation of a
high quality data archive, lay the foundations for a multidisciplinary approach towards improving
the knowledge of this seismogenetic area of Italy.
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1. Introduction

Knowledge of the gravity field has a wide range of applications in the geosciences.
The measurement of time-variable gravity is a powerful approach for the detection of
space/time variations in underground mass distributions, such as those related to seismic
crustal deformations, volcanic dynamics/eruptions, and water transfer. Gravity changes
associated with all these processes occur over a wide range of time scales, from minutes to
years, and with different amplitudes.

Gravity and physical height are closely connected to the gravity potential of the
Earth’s gravity field. Absolute gravimetry provides accurate starting values for gravity
surveys, and GNSS allows estimation of precise point positioning on the Earth’s surface.
Crustal deformation data, obtained through different geodetic methods, are often used in
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conjunction with gravity data, enabling the separation of different contributions from the
same sources and thus providing more complete information of the phenomena (e.g., [1-3]).

The technical development of transportable absolute gravimeters has increased the
accuracy of gravity measurements to the microGals level (1 nGal =1 x 1078 m/s?) [4],
and the development of several permanent GNSS networks has significantly improved
the determination of coordinates of points located on the Earth’s surface. Consequently,
it is now possible to study the related geophysical processes (i.e., ongoing deformations
and/or mass transfer of different origin acting over very different temporal scales) with
finer accuracy, as well as their evolution over time.

In geodynamical active areas, the main contributions to gravity changes are induced
by episodic events due to volcanoes and earthquakes that individually can affect the gravity
field, generally within several to hundreds of microGals. However, since these events often
recur over time, their effects can accumulate significantly.

In Italy, gravimetry is not widely applied in seismic areas, where the mobilization of
fluids and fluid flow rates differ during different periods of the seismic cycle (inter-seismic,
pre-seismic, co-seismic, and post-seismic), and in particular as a function of the tectonic
style [5,6].

During an earthquake, the abrupt frictional sliding along a part of the fault zone causes
co-seismic deformations and mass displacements. Consequently, the gravity field may
change due to the compression/dilation of the rocks around the fault causing both density
variation and vertical displacement of the observed points (positive and negative, following
the tectonic style of the fault). It is probable that horizontal deformations could account for
negligible effects on the gravity field, depending on eventual density variations. Therefore,
in this paper, we consider the analysis of data to detect local horizontal deformations
between the epochs of two surveys to be of little use, focusing our attention instead on the
vertical component only which remains insensitive to plate motion.

The occurrence of the seismic events in L’Aquila (2009 Mw 6.1) and then in Amatrice-
Norcia (2016 Mw 6.0 and 6.5) has highlighted the normal fault style related to the ex-
tensional tectonic environment of the central Apennines, where geological studies have
identified several NW-SE trending normal fault systems [7,8]. It has been recognized that
these kinds of earthquake occur in favor of gravity and therefore the deformation pattern
can also be affected by additional gravitational collapse of the hanging wall [9].

Moreover, the study of medium-long-term gravity and ground deformation variations,
related to post-seismic effects, observed through highly reliable and accurate data, could
provide a more complete picture of the phenomena relating to seismic cycles in this critical
area. This implies the need to implement joint gravimetric/GNSS networks [10] to begin
studying such phenomena.

To this end, the Istituto Nazionale di Geofisica e Vulcanologia (INGV) funded two
projects in 2018 and 2019 within the Calls “Ricerca Libera” entitled, respectively, “Feasibility
of an absolute gravity network in central Italy: toward a multi-disciplinary approach to natural
risk assessment”, and “Consolidation and development of an absolute gravity and GNSS network
in central Italy to improve the multi-disciplinary approach to natural risks assessment”, aimed
at studying and monitoring natural risks in central Italy. The projects sought to detect
gravity variations and ground deformations, over different timescales, possibly associated
with the post-seismic relaxation affecting the area where the seismic events of L'Aquila
(2009) and Amatrice-Norcia (2016) took place. During the projects, a combined absolute
gravity and GNSS network, including five stations, was installed and monitored, with
the intention of expanding it over time. The main goal was to lay the foundation for the
verification of short-medium-long-term gravity and ground deformation variations related
to post-seismic relaxation as a result of the vertical deformation of the Earth’s surface
and/or of the internal boundaries separating layers at depth with different densities.

This paper focuses on the results of three joint absolute gravity and GNSS field
surveys, describing the procedures adopted to obtain the results. We are confident that
this work, both in terms of obtained results and the availability of the field network, has
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the potential to become a benchmark for the scientific community working in the field of
gravity applications and related sciences, for the study of this area of Italy. We are also
confident that the information reported in this paper will be useful for enabling application
of the same method to study areas with similar characteristics worldwide.

2. State-of-the-Art of Combined Gravity/GNSS Network in Central Italy

Absolute gravimetric measurements in Italy started in the 1970s when a transportable
ballistic absolute gravimeter (IMGC) was developed by the Istituto di Metrologia “Gustavo
Colonnetti” (IMGC) of CNR (presently, Istituto Nazionale di Ricerca Metrologica—INRiM,
Turin) (e.g., [11]), which has undergone a series of upgrades to today. In 2005, this instru-
ment was officially recognized as the “national primary standard” absolute gravimeter in
Italy [12]. Several absolute gravity stations have been established to date for a number of
purposes, including provision of:

(a) acalibration line for relative gravimeters [13],

(b) reference Italian gravity networks (e.g., [14-17]),

(c) networks for monitoring active and quiescent volcanoes in Italy (in the Neapolitan
and Sicilian areas, and Colli Albani (Rome) (e.g., [12,13,18-23]), and

(d) networks to investigate gas storage fields and areas affected by subsidence phenom-
ena [24].
In 2018 and 2019, under the auspices of the two highlighted projects, an absolute

gravity and GNSS network (Figure 1) was established, including the following five

stations [10,25,26]:

(1) Sant’Angelo Romano (Province of Rome—Lazio Region—SARO).

(2) Popoli (Province of Pescara—Abruzzo Region—POPL).

(3) L’Aquila (Province of L’Aquila—Abruzzo Region—AQUIg).

(4) INFN Gran Sasso National Laboratory Offices Building (Province of L'Aquila—
Abruzzo Region—LNGSgxr).

(5) Terni (Province of Terni—Umbria Region—TERN).

These stations were selected based on the best geometry of the network in order
to optimize the distribution over a large territory, enhancing the interpretation of the
phenomena. An important constraint in the choice of sites was to identify closed and
secure structures to house the absolute gravimeters and provide the main electricity source
to power the instruments. In addition, particular attention was given to assessing their
possible re-use, reliability, and low level of noise, to ensure measurements with high
precision and accuracy. Two stations (Popoli and Terni) were also selected because they are
old gravity stations that were monitored in 1954 during a gravity survey in Marche and
Abruzzo [27]. They were later included as primary nodes in the 1955 fundamental Italian
gravity network, known as the “RFI55-Cunietti and Inghilleri Network” [28], and in the
1977 first-order gravity net in Italy (FOGN77) [14]. The stations in Sant’ Angelo Romano
and LNGSgxt were chosen since they were pre-existing sites, set up in 2005 [20,29] and
2010 [19], respectively. This has enabled estimation of long-term gravity changes as all
these stations have remained unchanged over time.

The aim of GNSS measurements is twofold: the first is to determine with centimetric
accuracy the coordinates and the height of each gravimetric site; the second is to control for
the occurrence of significant deformations between the epochs of gravimetric measurements.

The GNSS reference sites SARO, POPL, and TERN were set up outside the buildings
hosting the absolute gravimeters. At L'’Aquila, only topographic measurements, aimed
at assessing the height of the gravimetric station, were carried out, since a permanent
GNSS station (AQUI) is located on the roof-top terrace of the science faculty and positioned
vertically with respect to the gravimetric station (AQUIg) which is located four floors
below [30]. AQUI belongs to the EUREF GNSS network and its coordinates and velocity
components were obtained after the processing of longtime series of daily observations [6].
An additional GNSS station located at LNGSgxt, managed by INFN, was also considered.
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This station operated for several years across the L’ Aquila earthquake period, within the
neutrino baseline project.

Each site has been mapped considering the geographic location of the site and of the
station, as well as its exact position and orientation, and how the instruments were placed
on the ground. All this information is reported as schematic monographs in [25].

To date, the joint absolute gravity and GNSS network installed in central Italy in 2018
is the only one that exists aimed at monitoring the dynamics of the main tectonic processes
in the area affected by the recent seismic activity.

42" -

Figure 1. Sketch map of central Italy showing the absolute gravity /GNSS network, including five
stations (squares and labels in red), measured in 2018 (date of installation), 2019, and 2020. The
epicenters of seismic events with Mw > 6.0 (yellow stars) and the background seismicity from INGV
databank (M > 2.5, max depth 30 km), for the periods 1 January 1985-31 December 2008 (yellow
dots), 1 January 2009-23 August 2016 (blue dots), and 24 August 2016-3 January 2019 (black dots),
are also indicated.

3. Absolute Gravity and GNSS/Topographic Instruments and Working Procedures

For both gravity and GNSS sites, no dedicated pillars were produced for the measure-
ments; the instruments were positioned directly on the floor/ground, avoiding sources of
noise and unstable conditions.

The absolute gravity measurements were performed with two absolute gravimeters
available at INGV: the transportable Micro-g LaCoste FG5#238 (owned by Eni S.P.A., loan
for use and managed by INGV-OE) and the portable Micro-g LaCoste A10#39 (owned and
managed by INGV-OV). The first was designed for measurements in the laboratory or in
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indoor sites with laboratory-like conditions. The FG5 is, in general, not well-suited for
portable use in the field, since it is large and heavy (the system weighs approximately 300 kg
and requires about 3 m? floor space), needs to be powered by AC, has a limited operating
temperature range (10 to 30 °C), and requires facilities to house the instrumentation.
Nevertheless, in several studies the FG5 instrument has been used outdoors, for example,
it has been used on active volcanoes (e.g., [21,31-33], but in this case particular attention
was paid to ensuring that the site was protected and safe, and that there was a suitable
power supply. The A10 absolute gravimeter is purpose-designed for field measurements
(indoor and outdoor) and fast field operations, while retaining the characteristics of a
laboratory instrument. Both instruments work using a ballistic free-fall method. A test
mass (retro-reflective corner cube) is dropped vertically by a mechanical device (drug-free
cart) inside a vacuum dropping chamber; the vacuum is maintained by ion pumps that
run continuously (one in FG5 and two in A10). The absolute g value is measured through
the reconstructed trajectory of the dropping mass subjected to the gravity field. A laser
interferometer generates optical interference fringes as the test mass falls. The fringes
are counted and timed with an atomic clock to obtain precise time and distance pairs.
These data are fitted to a parabolic trajectory to give a measured value of g [34]. Dedicated
software undertakes the automatic data acquisition, the real time processing, and the
automatic data storage. It also automatically corrects the measured g value for gravity
changes due to solid-earth tides, ocean tide loadings, polar motion, and local air pressure
changes. In addition, it enables the reprocessing of data and, if necessary, reduces the g
values automatically from the measured heights at any convenient height from the ground,
through the measured local value of the vertical gravity gradient.

The instrumental accuracy of the FG5 is about 1-2 uGal [34]; the precision is time-
dependent and is given by the drop-drop scatter (single-drop scatter) divided by the
square-root of the number of drops. A precision of 1 pGal or better can be achieved at most
sites, if the FG5 is running continuously for several hours.

Regarding the A10 gravimeter, in laboratory conditions it can be used like an FG5;
in field surveys, to obtain reliable values of g, it needs session lengths from 0.5 to 1.5 h.
The precision is 10 pGal in 10 min and the repeatability is within 10 pGal. Although the
accuracy and precision of the A10 is less than that of the FG5, there are some characteristics,
such as portability and ease of operation in outdoor applications, which make it a desirable
instrument in absolute gravimetric field surveys.

Due to the different instrumental design of the FG5 and the A10, their measured
g-values refer to different heights from the ground. The FG5 refers to a measurable variable
height of about 1.3 m; the A10 refers to a constant height of 0.72 m. Therefore, to compare
the g values collected by the two instruments, we referred all the measurements to common
heights (see next sections).

During the first campaign (June 2018), in addition to the absolute gravity measure-
ments, the determination of the local vertical gradient of gravity at each absolute station
was achieved using the LaCoste & Romberg model D s.n. 85 (LCR-D#85) relative gravime-
ter. Furthermore, in order to “transport” the absolute g values outside and close to the
buildings hosting the absolute gravity stations, outdoor satellite gravimetric sites were also
established using the same relative gravimeter. The presence of the satellite gravimetric
sites is important in order to perform rapid links during any relative gravimetric field
survey that need to be linked to the absolute gravity value.

The measure of the vertical gradient was carried out at four heights from the ground,
along the vertical of the absolute point using two overlapping tripods, positioned on a
specially constructed base consisting of three arms. Heights of measurement were the
ground, at fixed 50 and 80 cm, and at a variable height of about 1.2-1.3 m. At each height
at least three or four gravity measurements were taken in a random way or by means of a
constrained most-appropriate sequential procedure to obtain high quality data (e.g., [35]).
Each measurement derived from the average of at least three or four readings. The readings
were corrected for the effects of solid-earth tides, air pressure and polar motion, and for the
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variation in height of the instrument with respect to the support every time it was moved
from one point to another. The effect of the instrumental drift to which the gravimeter
was subject, if present, was eliminated from the correct readings. This procedure was also
followed for relative links between absolute and satellite stations.

Heights of the indoor absolute gravity points at SARO, POPL, and TERN were de-
termined connecting the outdoor GNSS sites and the indoor points through a classic
topographic survey using an optical level station (Leica). The GNSS measurements on
these three non-permanent sites were carried out with a Leica GX1230 receiver and a
LEIAX1202 antenna. For the lower required accuracy, we took as planimetric coordinates
of the gravity points, the planimetric coordinates of the nearest GNSS site.

At L'Aquila, a total station (STONEX R2-2 plus) was used to measure the height
difference between the permanent GNSS station (AQUI) on the roof-top terrace of the
science faculty and the gravimetric station (AQUIg). The classic survey was carried out on
5 April 2019, in co-operation with the Dipartimento di Ingegneria Civile, Edile e Ambientale
(DICEA) of the Sapienza University of Rome [30].

4. Results of the A10#39 and FG5#238 Inter-Comparison Versus IMGC Gravimeter

Both FG5#238 and A10#39 have been, directly or indirectly, compared with the absolute
gravimeter IMGC-02, which is the Italian national primary standard [12].

The FG5#238 has been compared with IMGC-02 at the INRiM gravity laboratory in
2011, during several contemporary field surveys on Etna at two stations in 2009 and during
several CIPM key comparisons [36-39]. The results indicated that there was no large
discrepancy between the two instruments, since the measured differences were between
—4.0 and +8.3 nGal [22], within the standard uncertainty. We can therefore state that the
mutual conversion factor between FG5#238 and IMGC—02 is practically 1.0.

As regards the A10#39, it has been compared with the IMGC-02 directly at the INRIM
laboratories in Turin. The comparison was carried out from 4 to 6 December 2018, and
measurements were collected at the two main reference sites in the Dynamometric Building
(i.e., INRiM1 at the Gravity Laboratory at —3 m below the ground level and INRiM2 at the
Hydraulic Press Laboratory at ground level) on dedicated pillars. Measurements were also
carried out at 3 additional points (“A”, “B”, and “C”) at the Force Laboratory (Bray Edifice),
at different levels of the building (from ground level to approximately —9 m) directly on
the concrete floor; only the point “A” was on the concrete floor covered with linoleum
tiles. Moreover, an additional point “D” was set up in the Force Laboratory close to the
point “B” on the upper level; it was never measured with the IMGC-02 instrument and
therefore comparison is not possible at this point. At the same time, the measurements of
the vertical gravity gradient were carried out at the two main sites and at one point in the
Force Laboratory (point “A” at the ground level).

Unfortunately, it was not possible to carry out contemporary measurements with both
instruments since IMGC-02 was not working at the time of measurements with A10#39.
Therefore, the comparison was made using previous IMGC-02 measurements collected
from 2005 to 2015 since coeval survey at all sites with IMGC-02 was not available.

With the A10#39, a long-field survey (1 h) was carried out at each point and 20 sets,
including 120 drops, were collected. At the main point INRiM1, in the Gravity Laboratory,
two 13-hours-long, laboratory-like measurements were carried out during the night; 28
sets (each pair of red and blue sets at an interval of 1 h) with 120 drops, were collected.

In general, the A10#39 showed values of g lower than that of IMGC-02, ranging from
—29 (point INRiM2) to —35 (points INRM1, A and B) nGal, apart from at the site “C” in
the Force Laboratory where the difference was positive (+17 pGal). The comparison was
performed after the A10#39 value was reported to the IMGC-02 height of measure, using
the value of the measured vertical gradient for each station. However, the value of A10#39
measured at the main point INRiIM2 was very close (within the uncertainty; —9 uGal) to
that measured at the same site with the GBT absolute gravimeter of the Ukraine National
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Scientific Center “Institute of Metrology” (NSC “IM”), carried out in December 2015 and
reported to the IMGC-02 height.

Figure 2a shows the difference between IMGC-02 and A10#39 measurements at all the
stations measured at the INRiM laboratories, while Figure 2b shows the difference between
A10#39 and IMGC-02 at each station versus their heights with respect to the ground level;
the results for the GBT instruments are also shown in both figures.
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Figure 2. (a) gravity difference between A10#39 and IMGC-02 gravimeters at the 5 stations at the INRiM Laboratories. The
value at the new station “D” and that measured with the GBT gravimeter at the INRIM2 point are also shown. Error bars
are within the symbols size; (b) gravity differences between A10#39 and IMGC-02 values, all referred to the same height of
IMGC-02 measure, at the 5 stations. The difference A10#39 versus GBT is also shown.

In order to compute an admittance factor to convert the A10#39 into IMGC-02 data,
a linear regression between the respective values was computed (Figure 3; left panel). It
indicated that the conversion value for A10#39 to IMGC-02 was 1.0077 + 0.02, with a
correlation coefficient of 0.99, over a range of 2 mGal (2000 pGal).

As for IMGC-02, to compare the A10#39 with the FG5#238, a linear regression be-
tween the values of ¢ measured with both instruments in central Italy was computed
(Figure 3; right panel). It indicated that the conversion value for A10#39 to FG5#238 was
1.000 4 6 x 107>, with a correlation coefficient of 1, over a range of 250 mGal (250,000 uGal).
However, the large range could have distorted the conversion factor, the discrepancy being
observed ranging from —7 to —40 uGal, namely the 1.6 x 10* component of the gravity
range. Therefore, we sought to compare A10#39 and FG#238 meters separately for each
station considering only the microGal part of the absolute values (i.e., subtracting by the
measured values the common part 980XXX000), and for A10#39 considering all the mea-
surements. In this way, we computed a global general conversion factor, on a gravity range
of only 800-850 pGal, with a result of 1.042 &+ 0.008, with a correlation coefficient of 0.99
(Figure 4).

Finally, a direct comparison between A10#39 and FG5#238 gravimeters was under-
taken at the Vesuvius Observatory Old Building (OVOB) in October 2020, where the
absolute value has been periodically measured since 1986. The OVOB station proved to
be a very good location, highly suitable for absolute measurements, since the measure-
ment point was positioned on a concrete and insulated pillar. In Table 1 the values at
the measured height, reduced at the common height 0.72 m, and to the ground, for both
instruments, are reported; in Table 1 the last measurements carried out in 2019 with A10#39
are also indicated. A discrepancy between the two instruments of —31 pGal was found,
equivalent to those observed at the stations in central Italy (see next Sections).
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Figure 3. (Left): Linear regression between A10#39 and IMGCO02 gravity values at the 5 measured stations at the INRiM
laboratories over a gravity excursion of approximately 2 mGal (2000 uGal). The comparison was performed reducing the
average A10#39 values to the measurement heights of IMGC-02; (Right): Linear regression between A10#39 and FG5#238
gravity values at the 5 measured stations of central Italy network over a gravity excursion of approximately 250 mGal

(250,000 pGal). Error bars are within the symbols size.
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Figure 4. Linear regression between A10#39 and FG5#238 gravity values at the 5 measured stations

of central Italy network over a gravity excursion of approximately 0.850 mGal (850 pGal). The used

values are only the microGal part, obtained after subtracting at each station and from each single
measure the common part (i.e., 980XXX000 pGal—see details in the text). Error bars are within the

symbols size.

We can conclude that values measured by A10#39 were lower in all instances than
those of FG5#238 and IMGC-02 by approximately 30 nGal; this discrepancy may be adjusted
using the above calculated correlation factor.
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Table 1. Absolute gravity measurements collected at the station Osservatorio Vesuviano Old Building station (OVOB)
from October 2019 to October 2020 by FG5#238 and A10#39 absolute ballistic gravimeters. The combined uncertainty d;o;
associated to the g values are also reported.

Absolute Gravity Measurements at Osservatorio Vesuviano Old Building (OVOB)

Date Meter and Number of at Measured
Time UTC Measured Sets/Drops per g Heioht gat0.72m g at Ground
[from = to] Height Set/ ( Gga D (uGal) (uGal)
P (hPa) (m) Total Drops H
18/10/2019 AL04#39
8:35 +9:32 072 20/120/2400 980,132,810.5 £3.3  980,132,810.5 £ 3.3 980,133,058.2 £ 7.3
948.4 )
18/10/2019 A104#39
10:06 + 10:27 072 8/120/960 980,132,805.9 £3.4 980,132,805.9 + 3.4 980,133,053.6 £ 7.3
948.3 ’
7/10/2020 AL04#39
16:34 + 19:37 072 8/120/960 980,132,808.7 = 8.8 980,132,808.7 £8.8  980,133,056.4 + 10.9
941.0 ’
8-9/10/2020 FC54238
15:30 + 05:46 16/100/1600 980,132,640.6 £3.4 980,132,839.4 £ 6.2  980,133,087.4 + 12.2
1.2987
950.7
19/10/2020 A104#39
8:59 + 9:22 072 8/120/960 980,132,810.6 £3.4 980,132,810.6 £ 3.4 980,133,058.3 £7.3
941.0 ’

Vertical gravity gradient (average value from measurements of 2014 and 2015) dg/dh = —344.0 £ 9.0 uGal/m

5. Data Acquisition and Uncertainty Calculation

The combined gravity/GNSS network in central Italy was measured three times from
2018 to 2020.

During the first survey absolute gravity measurements were carried out using only the
FG5#238 meter; all complementary relative measurements were performed as previously
stated. In the following two campaigns, in October 2018, and at the end of Septem-
ber/beginning of October 2020, absolute gravity measurements were carried out using
both FG5#238 and A10#39 gravimeters. The period selected to carry out the campaigns
was chosen because this period has the most stable atmospheric conditions; during all the
measurement sessions the environmental parameters were sufficiently stable at all the sites,
allowing the acquisition of high-quality gravity data.

In all the surveys, FG5#238 operated during the late afternoon and the night, when
the noise due to human activity was minimal. A total of 14 or 17 sets, each with 100 drops,
were collected at each station. On the other hand, with the A10#39, capable of measuring
in field conditions, the measurements were almost all performed during the day, choosing
the long-field survey procedure (1 h long) with a total of 20 sets each with 120 drops.
Measurements with A10#39 in the SARO and AQUIg stations were also collected following
the long-laboratory procedure (14 h during the late afternoon and the night), with a total of
28 sets each with 120 drops. All the repeated measurements with A10#39, during the same
survey, differ within the declared repeatability (10 pGal).

In LNGSext, A10#39 was operated following the short-field procedure (half an hour
with a total of 8 sets each with 120 drops). Details of measurements and sites are given
in Tables 4-8. For both instruments, data were reduced for known effects (e.g., tides,
atmosphere, oceanic loading, and polar motion), and referred to a given height using the
measured local value of the vertical gradient of gravity. The effects of atmospheric mass
variations at each station were corrected using the barometric admittance factor of —0.3
nuGal/hPa and the difference between the measured and the nominal atmospheric pressure,
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depending on the elevation of the station [40]. During the acquisition, for every data set
the standard deviation o was calculated, rejecting any drop beyond the 3o range.

The g values acquired with the two instruments, corrected for the above effects, have
been associated with a combined uncertainty J; calculated as follows:

Stot = \/(Zzsys + stStat)

where J5yy is the statistical uncertainty given by the set scatter (standard deviation) divided
by the square root of the number of sets:

Ostat = Uset/\/Nset

and Xgys is the sum of the estimated uncertainties for many different components of the
measurement: (i) modelling of geophysical processes (i.e., barometric, polar motion, earth
tide, ocean loading); (ii) system (laser, clock, and system models); (iii) environmental
(highly site dependent); (iv) set-up (depending on both the instrument and the operator),
and gradient (if applied).

For both instruments, we considered 3.34 pGal as the best representative value of the
sum of all these contributions. In this value, the estimated uncertainty for the gradient
is not considered because this reduction is later applied in a non-automatic way, and the
related uncertainty is calculated as a function of the error on the measured local vertical
gravity gradient. This also provides freedom to reduce the measured g value at one or
more convenient heights.

We compared the g values collected by the two instruments to common heights of
0.72 m, corresponding to the A10#39 measurement height and to the ground.

The combined uncertainty of g, when the value is transferred to a different height
from the measurement, using the local value of the vertical gradient of gravity, is given by:

Ugreduced = \/(Ah* (S% )2 + 51?0t pGal

where:

Ah (m) is the height difference between the height where the measurement was made
(measure height) and the height at which the ¢ value must be reduced (e.g., ground,
transferred height); 54, is the error on the vertical gravity gradient measurement (uGal)

and J;.; is the combing(ltl uncertainty (uGal) of the g value, estimated as stated before.

The two GNSS surveys on the non-permanent sites were carried out in June 2018 and
in October 2020, recording continuously for approximately 45 h at 30 s sampling rate, one
survey for each campaign. Due to limited satellite visibility, we repeated a measurement
session of 49 h again at POPL in November 2020.

Data were processed in precise point positioning (PPP) modality, making use of the
CSRS-PPP service of Natural Resources Canada (NRCan), an online application for GNSS
data post-processing. This modality uses precise satellite orbit, clock, and bias corrections
derived from a global network of receivers to determine accurate user positions anywhere
on the globe. It is possible to submit observations in Receiver INdependent Exchange
(RINEX) format or as compressed files and recover enhanced positioning precisions in the
International Terrestrial Reference Frame, currently ITRF14 [41].

The GNSS observations of AQUI permanent station were included within the routine
analysis performed at INGV to estimate the coordinates time series on the local tangent
plane (Up, East, and North) of a large network in Italy, including more than 1000 continuous
GNSS stations [6].
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6. Results of Measurements
6.1. GNSS

Table 2 shows the coordinates, the geoidal undulations, the ellipsoidal heights with
uncertainties at 95% confidence level, and the orthometric heights computed for the GNSS
sites making use of the knowledge of the geoid model of the Italian area [42]. Note that the
ellipsoidal height differences between the two surveys are well within the corresponding
uncertainties, so that no significant vertical deformations are detected in the time interval
between surveys.

Table 2. GNSS sites: coordinates, geoidal undulations, measured ellipsoidal heights, with accuracies and orthometric
heights of the 2018 and 2020 surveys.

Coordinates Geoid 2018 2020 Height Diff.
GNSS Sites Lat Lon N h + H h + H dh +
g ell Oh ort ell (4 ort T dn
(deg) (deg) (m) (m) (m) (m) (m) (m) (m) (m) (m)

SARO 42.0350 12.7126 48.527 446.372 0.016 397.845  446.383 0.015 397.856 0.011 0.022
POPL 421737  13.8315 47.529 291.851 0.018 244322  291.842 0.019 244313 —0.009 0.026
AQUI 42.3682 13.3502 48.688 712.974 0.003 664.286 712.973 0.004 664.285 —0.001 0.006
TERNI 42.5660 12.6557 48.588 174.983 0.011 126.395 174.997 0.011 126.409 0.014 0.016

Finally, the measured height differences (Ah) between gravity and GNSS sites and the
computed orthometric heights of the indoor absolute, and the outdoor auxiliary gravity
sites, at the time of gravity measurements, are shown in Table 3. The geoidal undulations
were the same as for Table 2, due to the closeness of GNSS and gravimetric sites. The
coordinates and the orthometric heights were useful to post-process the absolute gravity
data and to refer all the gravity measurements presented in this work to the equipotential
surface of the gravity field.

Table 3. Coordinates, measured height differences between GNSS sites, and indoor (abs.) plus satellite (sat.) gravity sites
in 2018 and 2020. The orthometric heights of the gravimetric sites are computed applying Ak to the orthometric height of
GNSS sites (Table 2). The monograph of each point is available in [25].

Coordinates H,t Gravimetric Sites
GNSS Sites Gravimetric Sites Lat. Long. Ah 2018 2020
(deg) (deg) (m) (m) (m)
SARO S. ANG. ROM. abs. 42.0351 12.7125 0.542 398.387 398.398
S. ANG. ROM. sat. 42.0351 12.7126 0.519 398.364 398.375
POPOLI abs. 42.1738 13.8317 —0.037 244.285 244.276
POPL POPOLI sat., gate v. Marconi 35 42.1737 13.8314 —0.135 244.187 244.178
POPOLI S. Francesco church (1954 point)
AQUI AQUI abs. 42.3682 13.3502 14.970 649.316 649.315
AQUI sat.
TERNI abs. 42.5658 12.6557 0.121 126.516 126.530
TERNI TERNI rel., v. Brin 30 (1954 point) 42.5652 12.6552 —0.180 126.215 126.229
TERNI sat., IGMI benchmark left 42.5651 12.6557 0.084 126.479 126.493
TERNI sat. IGMI benchmark right 42.5652 12.6553 0.030 126.425 126.439

6.2. Absolute Gravity Measurements

In the following sub-paragraph, for each station, we provide information about the
gravity measurements. Measured gravity values at different heights and related necessary
information are summarized in Tables 4-8, whose columns show, respectively:

(a) data, measurement time interval in UTC and measured local air pressure in hPA;
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(b) the instrument used and the measured height h (elevation above the ground to which
g is measured);

(c) the number of sets, drops per sets, and total number of drops for each session;

(d) absolute gravity values at the measured height h with the combined standard uncer-
tainty (see above);

(e) absolute gravity values at the reference height of 0.72 m with the combined uncertainty
(see above); and

(f) absolute gravity values on the ground with the combined uncertainty.

In the bottom lines of the tables the value of the locally measured free-air vertical
gradient v and the measured Ag at the satellite gravity station/s with the uncertainties are
also reported.

6.2.1. Absolute Gravity Station at Sant’Angelo Romano (SARO)

Sant’Angelo Romano absolute station (SARO) was installed and measured in 2005 and
belongs to the gravimetric/deformation network of Colli Albani [20,29]. Measurements
at this absolute station were repeated in 2007 and 2010 [19] using the IMGC-02 absolute
gravimeter. The station was set up within the conference room of the Orsini-Cesi castle, in
Piazza Borghese, located at the top of the village. The GNSS point (Table 3) was placed in
front of the entrance of the castle [25].

Table 4. Absolute gravity measurements collected at the Sant’Angelo Romano station (SARO) during June 2018-October
2018 and October 2020 period by FG5#238 and A10#39 absolute ballistic gravimeters. The combined uncertainties &y
associated to the g values are also reported.

Absolute Gravity Measurements at Sant’Angelo Romano Station (SARO)

Date Meter and Number of at Measured
Time UTC [From . Sets/Drops per 8 . gat0.72m g at Ground
. Measured Height Height
+ to] (m) Set/ (uGal) (uGal) (uGal)
P (hPa) Total Drops K
11-12 June 2018 FC54238
17:21 < 06:21 14/100/1400 980,285,581.2 £3.3  980,285,811.5 +4.1 980,286,098.7 + 6.3
1.2972
964.6
25 Sept. 2018 A10439
14:30 < 15:30 0.72 20/120/2400 980,285,766.7 £ 3.2 980,285,766.7 £ 3.2  980,286,053.9 + 4.4
975.0 '
25-26 Sept. 2018 A10439
16:30--05:30 0.72 28/120/3360 980,285,770.0 £2.2  980,285,770.0 £2.2  980,286,057.2 + 3.7
978.1 '
01-02 Oct. 2018 FC54238
14:46 < 06:15 17/100/1700 980,285,572.2 £ 3.4  980,285,801.2 £ 4.1 980,286,088.4 + 6.3
1.2942
962.5
04-05 Oct. 2020 FC5#238
16:38 < 06:34 15/100/1500 980,285,566.7 £ 3.4  980,285,796.4 £ 4.1  9802,86,083.6 + 6.3
1.2957
963.6
06 Oct. 2020
15:40 + 16:01 A10#39 20/120/2400 980,285,752.9 £ 3.4  980,285,752.9 £ 3.4  980,286,040.1 + 4.5
969.24
0?2171(1(:2)52250 A10#39 28/120/3360 980,285,758.8 £3.3  980,285,758.8 £ 3.3  980,286,046.0 + 4.4

Vertical gravity gradient (11 June 2018) dg/dh = —398.9 £ 4.1 uGal/m

Ag at the external relative satellite station with respect to the absolute site at ground = +22 + 4 pGal
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Table 5. Absolute gravity measurements collected at Popoli (POPL) station during June 2018-October 2018 and October
2020 period by FG5#238 and A10#39 absolute ballistic gravimeters. The combined uncertainties J4y; associated with the g
values are also reported.

Absolute Gravity Measurements at Popoli Station (POPL)

Date Met d Number of at Measured
Time UTC [from eter and Sets/Drops per 8 . gat0.72m g at Ground
. Measured Height Height
-+ to] (m) Set/ (uGal) (uGal) (uGal)
P (hPa) Total Drops H
12-13 June 2018 G538
14:25 <+ 06:25 17/100/1700 980,265,013.4 £ 3.4  980,265,150.8 £ 3.5 980,265,322.7 + 4.0
1.2957
978.7
26 Sept. 2018 A10439
10:00 < 11:00 072 20/120/2400 980,265,134.4 £2.8 980,265,134.4 +2.8 980,265,306.3 & 3.1
1003.7 ’
02-03 Oct. 2018 FG54238
12:01 + 05:33 19/100/1900 980,265,011.2 £ 3.4  980,265,148.6 £ 3.5 980,265,320.4 + 4.0
1.2957
989.8
05-06 Oct. 2020 FG5#238
11:48 <+ 07:35 21/100/2100 980,264,995.9 £ 3.4  980,265,134.0 £ 3.5 980,265,305.8 + 4.0
1.2982
985.6
06 Oct 2020 AL0439
10:26 + 11:26 072 20/120/2400 980,265,136.8 £ 3.4  980,265,136.8 £ 3.4  980,265,308.7 + 3.6
985.7 '
06 Oct. 2020
11:42 + 12:42 AL0#39 20/120/2400 980,265,135.7 £3.3  980,265,135.7 £ 3.3 980,265,307.56
984.9 0.72 35

Vertical gravity gradient (12 June 2018)—dg/dh = —238.7 + 1.7 uGal/m

Ag at the external relative satellite station with respect to the absolute site at ground = —324 + 3 pGal
Ag at the IGMI horizontal benchmark manhole (S. Francesco church, left corner) with respect to the absolute site at
ground = —269 + 4 pGal
Ag at the 1954 relative station (S. Francesco church, on the road) with respect to the absolute site at ground = —92 + 4 pGal

Table 6. Absolute gravity measurements collected at L’Aquila (AQUIg) station during June 2018-October 2018 and October
2020 period by FG5#238 and A10#39 absolute ballistic gravimeters. The combined uncertainties J4y; associated with the g
values are also reported.

Absolute Gravity Measurements at L’Aquila Station (AQUIg)

Date Met d Number of at Measured
Time UTC eter and Sets/Drops per 8 . gat0.72m & g at Ground +
] Measured Height Height
[from = to] (m) Set/ (uGal) (uGal) (uGal)
P (hPa) Total Drops H
13-14 June 2018 FG5#238
13:54 + 05:54 15/100/1500 980,203,143.5 £ 3.4  980,203,298.0 £ 3.5 980,203,492.1 &+ 4.0
1.2932
931.9
26 Sept. 2018 A10#39
15:40 + 16:40 0.72 20/120/2400 980,203,279.2 £4.1  980,203,279.2 £ 4.1  980,203,473.3 + 4.3
954.5 '
26-27 Sept. 2018 A10439
17:00 < 06:03 0.72 18/120/2069 980,203,271.9 £3.9  980,203,271.9 £ 3.9  980,203,466.0 & 4.1
955.5 '
03-04 Oct. 2018 FC54238
14:46 < 05:46 1.2952 16/100/1600 980,203,140.2 £ 3.4  980,203,295.3 £ 3.5 980,203,489.4 & 4.1

945.2
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Table 6. Cont.

Absolute Gravity Measurements at L’Aquila Station (AQUIg)

Date Meter and Number of at Measured
Time UTC . Sets/Drops per 8 . gat0.72m + g at Ground +
. Measured Height Height
[from = to] (m) Set/ (uGal) (uGal) (uGal)
P (hPa) Total Drops H
05 Oct. 2020 AL0#39
14:27 < 14:48 0.72 8/120/960 980,203,253.3 £3.4  980,203,253.3 £ 3.4 980,203,447.4 + 3.6
935.7 '
05 Oct. 2020 AL0#39
15:00 + 15:21 0.72 8/120/960 980,203,258.1 £3.4  980,203,258.1 £ 3.4 980,203,452.2 + 3.6
936.1 '
05-06 Oct. 2020 AL0#39
15:46 < 05:49 0.72 30/120/3600 980,203,252.2 £3.5 980,203,252.2 £ 3.5 980,203,446.3 + 3.7
936.3 '
06-07 Oct. 2020 FC54238
11:11 <+ 05:32 18/100/1800 980,203,106.9 £ 3.4  980,203,262.4 £ 3.5 980,203,456.5 + 4.0
040.6 1.2967

Vertical gravity gradient (12 June 2018) dg/dh = —269.6 £+ 1.7 uGal/m

Ag at the external relative satellite station with respect to the absolute site at ground = +88 + 3 pGal

Table 7. Absolute gravity value collected at INFN Gran Sasso station (LNGSgx) on 26 September 2018 and 6 October 2020
using the A10#39 absolute gravimeters. The combined uncertainties d;; associated to the g values are also reported.

Absolute Gravity Measurements at INFN Gran Sasso National Laboratory (LNSGgy¢)

Date Tlm'e UTC Meter and Measured Height Number of Sets/Drops per gat0.72m
[from = to] () Set/ (uGal)
P (hPa) Total Drops f
26 Sept. 2018
13:40 = 14:10 A10#39 8,/120/960 980,135,917.1 + 3.9
0.72
917.7
06 Oct. 2020
8:10 = 8:32 A10#39 8,/120/960 980,135,894.4 + 3.4
S0 0.72

The final g values collected in the period 2018-2020 at the measured heights, as well
as the values reported at different heights, with the associated combined uncertainties,
are reported in Table 4. Specifically, in order to compare the g values obtained with both
instruments, measurements were referred to the same elevation equal to 0.72 m and to
the ground. The comparison of measurements carried out in October 2018 and October
2020 showed a discrepancy of approximately —33 and —40 uGal between A10#39 average
values and FG5#238 average values, respectively. The gravity changes collected during the
time interval October 2018—October 2020 with both instruments were in good agreement,
considering the measurement uncertainties.

Measurements collected with the FG5#238 in June and October 2018 displayed an
appreciable gravity decrease of approximately 10 pGal, while only a small decrease
of approximately —5 nGal was observed in October 2020, which slightly exceeded the
measurement uncertainty.

The results of the measurements collected with the A10#39, when the instrument was
used with a different set-up, showed a slight increase of 3.3 uGal, within the measure-
ment uncertainties.
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Furthermore, a local vertical gravity gradient of —398.9 &+ 4.1 pGal/m and a gravity
difference (Ag) of + 22 £ 4 uGal by connecting the indoor absolute station (SARO) and the
outdoor satellite station were calculated.

Table 8. Absolute gravity measurements collected at Terni station (TERN) during June 2018-October 2018 and October 2020
period by FG5#238 and A10#39 absolute ballistic gravimeters. The combined uncertainties J;; associated with the g values

are also reported.

Absolute Gravity Measurements at Terni Station (TRN)

Date

Number of

Time UTC Meter and' Sets/Drops per gat Me.:asured gat0.72m g at Ground
. Measured Height Height
[from = to] (m) Set/ (uGal) (uGal) (1uGal)
P (hPa) Total drops H
14-15 June 2018 FG54238
12:07 + 06:51 9/100/900 980,380,681.7 = 3.4  980,380,859.6 4.9  980,381,082.3 & 8.7
1.2952
991.1
27 Sept. 2018 A10439
09:39 + 10:39 072 20/120/2400 980,380,826.5 + 8.2  980,380,826.5 8.2  980,381,049.2 9.3
1011.5 '
04-05 Oct. 2018 FG5#238
10:34 + 06:24 7/100/700 980,380,671.7 = 3.4  980,380,851.0 4.9 980,381,073.7 & 8.7
1.2997
1004.9
07 Oct. 2020 AL0439
10:37 + 11:34 072 20/120/2400 980,380,818.1 +3.5 980,380,818.1 3.5 980,381,040.8 = 5.7
995.4 '
07-08 Oct. 2020 FG5#238
13:06 < 06:15 19/100/1900 980,380,665.6 = 3.4  980,380,843.5 4.9 980,381,066.2 & 8.7
1000.4 1.2952

Vertical gravity gradient (14 June 2018)—dg/dh = —309.3 & 6.2 uGal/m

Ag at the external 1954 relative satellite station with respect to the absolute site at ground = —10 & 2 pGal

Ag at the IGMI right benchmark with respect to the absolute site at ground = —48 + 3 pGal

Ag at the IGMI left benchmark with respect to the absolute site at ground = —158 + 4 pGal

6.2.2. Absolute Gravity Station at Popoli (POPL)

The absolute gravity station at Popoli (POPL) was positioned inside the “Antonio
Verna” Day Cultural Center, in Via Guglielmo Marconi 35, in downtown Popoli. The
instruments were installed on the concrete base of a room, used as a deposit; the GNSS
point (Table 3) was placed in the garden of the building [25].

The final g values measured in the period 2018-2000 at the measured height, as well as
at different heights (0.72 m and to the ground), and the associated combined uncertainties,
are reported in Table 5.

By comparing the g values collected by the two meters, we found a discrepancy of
—14 pGal in October 2018 between the value collected with the A10#39 with respect to the
value recorded by the FG5#238, while no significant discrepancy was observed in 2020.

With respect to the gravity variations, measurements collected with the FG5#238 in
June and October 2018 showed a small gravity decrease of approximately 2 uGal, within
the measurement uncertainties, while a decrease of approximately —15 pGal was observed
to October 2020. In contrast, no gravity changes were observed in A10#39 measurements
from October 2018 to October 2020.

With respect to the relative measurements, the local vertical gravity gradient showed
avalue of —238.7 + 1.7 pGal/m. A gravity difference (Ag) of —324 £ 3 uGal was measured
between the indoor absolute station (POPL) and the outdoor satellite station.
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Moreover, two additional points located at the Church of S. Francesco, in the Popoli
main square, were linked to the absolute station, one of which corresponds to the 1954 old
station. The following Ag were measured (Table 5):

IGMI monumented benchmark (at the base of the staircase, left side, leaning against
the external wall of the adjoining building) Ag = —269 + 4 pGal;

The 1954 relative gravity station (on the road, at the base of the sidewalk, in line with
the entrance door of the church) Ag = —92 + 4 uGal.

These sites were linked to the GNSS station by means of levelling measurements,
including the IGMI benchmark at the left side of the entrance of the church. This was in
order to check the occurrence of height changes over long time.

6.2.3. Absolute Gravity Station in L’Aquila (AQUIg)

The absolute gravity station in L’ Aquila (AQUIg) was installed at the science faculty
of the L’Aquila University, located in Coppito village, Via Vetoio n. 42 (Table 3). The station
was set up on the floor of the geomagnetic laboratory of the physics department [25].

The final g values, at the measured heights and at the referred heights with the
associated combined uncertainties, are reported in Table 6.

By comparing the absolute gravity values measured with both instruments over
time and referring to the same elevation from the ground, we found a discrepancy of
approximately —19.7 uGal between A10#39 and FG5#238 values in October 2018, while
a discrepancy of only approximately —7 pGal between the two instruments in October
2020 was found, when three instead of two session measurements (two short-field and one
long-laboratory procedures) were carried out with A10#39.

All the repeated values with A10#39 differ within the declared instrumental repeata-
bility for this type of instrument (10 nGal). Moreover, we encountered a small problem,
but only toward the end of the long session of A10#39 measurements, due to the onset of
strong wind during the night, which caused a drift in the distribution of the sets in the
final phase and then unreliable values; therefore, data were recalculated eliminating the
sets assumed to be unreliable.

Regarding gravity variation, the absolute gravity measurements carried out with
the FG5#238 in June and October 2018 showed a gravity decrease of —2.7 uGal, within
the measurement uncertainties, while a further decrease of approximately —33 puGal was
observed to October 2020.

The results of the measurements collected with the A10#39 showed a gravity de-
crease of approximately—21 pGal from September 2018 to October 2020, or approximately
—26 uGal, if the long-laboratory measurements in September 2018 are not considered. This
is in good agreement with the gravity decrease measured with FG5#238 over the same
time interval.

The AQUIg station was linked to an external satellite station and a gravity difference
(Ag) of + 88 = 3 uGal was found (see Table 3 for the coordinates of the satellite station). A
local vertical gravity gradient of —269.6 + 1.7 uGal/m was recorded.

As noted previously, no GNSS measurements were carried out because a permanent
station was located in the same place and was linked to the gravity station.

6.2.4. Gravity Station at INFN Gran Sasso Laboratory (LNGSgxr)

The gravity station at the INFN Gran Sasso Laboratory (LNGSgxt), External Offices,
coincided with a relative gravity point installed in 2010 [19] when, following the 2009
earthquake, an absolute gravity measurement was also carried out for the first time at
the Town Hall of L’Aquila city. This latter was realized in order to replace a site in the
INFN Underground Gran Sasso Laboratory (LNGSynp), planned to belong to the 1995 Zero
Order Gravity Network [16], where in 1995 only the vertical gravity gradient was measured
since there was no possibility to perform the absolute measurement. Unfortunately, in 2018
the station in the city was not reachable due to the closure of the area for reconstruction
work in the zone; therefore, it was replaced with the site AQUIg in L’Aquila University.
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In 2010 the LNGSgxr station was linked to the underground station (LNGSynp) and
to the satellite gravity points of the Sant’Angelo Romano, Monte Porzio Catone, and
Palestrina absolute gravity stations, belonging to the Colli Albani network [20,29], by
means of relative measurements [19]. A link with the original 1995 station inside the
LNGSynp, was attempted, but it was not accomplished because the site was temporarily
not usable; therefore, a new LNGSynp point, just a few meters away from the original one
and on a very flat concrete floor, was measured. No gravity changes (only +4 pnGal), over
the time interval 2010-2018, were detected at the LNGSgxT with respect to LNGSynp.

The new INFN absolute station (LNGSgxr) is located outside the laboratory, where
measurements can only be performed with field gravimeters. With the A10#39, half hour
measurement sessions were carried out. The final g values with the associated combined
uncertainty are reported in Table 7. A gravity decrease of approximately —23 uGal was
detected from 2018 to 2020; this is of the same amplitude as the gravity decrease detected at
the AQUIg station by A10#39. No GNSS measurements were carried out at this site during
the gravimetric survey.

6.2.5. Absolute Gravity Station at Terni (TERN)

The absolute gravity station in Terni (TERN) was placed within the Officina Motori
n. 4 of the Istituto Omnicomprensivo IPSAI “Sandro Pertini”, Viale Benedetto Brin, 32 in
the city of Terni. The GNSS point was placed in the area of the school; the height of the
absolute gravity point inside the Officina Motori n. 4 was obtained by connecting the
outdoor and indoor points (Table 3).

The final g values at measured heights and at 0.72 m and to the ground with the
associated combined uncertainties are reported in Table 8.

By comparing the values obtained with both instruments, referring to the same
elevation from the ground, we found a constant discrepancy of approximately —25 pGal
between A10#39 and FG5#238 values in both October 2018 and October 2020.

The gravity data collected with the FG5#238 displayed a small gravity decrease of
approximately —8 puGal, during both the time intervals June 2018-October 2018 and October
2018-October 2020; the variation observed during the second period was equivalent to that
shown by A10#39 (—8.4 uGal) during the same time interval.

It should be emphasized that the site was influenced by local environmental dis-
turbance, as can be seen from the uncertainty values reported for all the measurements
in Table 8.

The TERN absolute station was connected with three satellite stations located in the
area of the school; specifically, the points already measured in 1954 and in 1977, and two
IGMI benchmarks placed laterally at the edges of the garden at the main entrance. The
following Ags were found:

Ag from abs station to 1954 satellite station “gate Viale Brin” = —10 &+ 2 pGal

Ag from abs station to satellite station “IGMI benchmark” (right side, looking at the
gate) = —48 £ 3 pGal

Ag from abs station to satellite station “IGMI benchmark” (left side, looking at the
gate) = —158 £ 4 pGal.

The results of gravity measurements with both FG5#238 and A10#39 gravimeters
reported in the Tables 4-8 at all stations in the period 2018-2020 are shown in Figure 5.
The gravity variations observed with both instruments show a coherent decreasing pattern
(with the exception of the POPL station), with a maximum variation observed at the AQUIg
and LNGS stations. The figure also shows the bias between the values observed with the
two instruments, similar to those observed during the comparison in October 2020 at the
OVOB station (Figure 5; bottom right panel), as discussed in Section 5.

Figure 5 also shows the height variations detected through the GNSS measurements at
the SARO, AQUIg, POPL, and TERN stations during the time interval June 2018-October
2020, indicating that no significant changes occurred throughout the considered period (the
observed variations were within a centimeter, comparable with the measurement error).
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Figure 5. Gravity changes at the five stations of the network detected through absolute gravity
measurements using the FG5#238 and A10#39 gravimeters. The bottom right figure shows the
absolute values measured at the historic Osservatorio Vesuviano Old Building (OVOB) in 2019 and
2020 with the A10#39 and in 2020 with the FG5#238; the latter measurements allowed for comparison
of the two instruments (see the text for further details).

7. Long-Term Gravity and Height Changes at Some Reoccupied Gravity Stations

Some absolute and/or relative gravity stations, as well as some levelling bench-
marks forming the new networks, coincided with benchmarks already measured in the
past. Hence, for these stations an attempt to evaluate long-time gravity/elevation change
was made.

Firstly, we analysed the gravity changes at the absolute station in Sant’Angelo Romano
(SARO; Table 9), set up in 2005 when the link with the external satellite station and the
measurements of the local vertical gravity gradient were carried out. Here the absolute
value of ¢ was measured again in 2007 and 2010 using the IMGC-02 absolute gravimeter
(Figure 6—full blue points).

The 2010 value at SARO was affected by a large error due to adverse weather condi-
tions during the measurement period; both the value of the vertical gravity gradient and
the Ag between the absolute and the satellite station showed a different value even when
the final g value at the satellite station did not change (Figure 6a and Table 9). This suggests
that the 2010 IMGC-02 value is very doubtful. However, the observation on the satellite
station, as well as an additional check on the IMGC-02 original data, point to the goodness
of the absolute value, and also imply that it was biased by a very local effect.
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Table 9. Repeated absolute gravity measurements collected at S. Angelo Romano (SARO) station from 2005 to 2020.

Absolute Gravity Measurements at S. Angelo Romano (SARO) 2005-2020

Meter Date atH (Gf:‘l;;r(:e(t;:rl)l-leight) ! (ﬁdneffioiﬁilgh” dgld (uGal/m) Sabe (i:ttGGarl()mnd Sabs grofi(:cei?smtion atthe %?Eziiilndstaﬁon
IMGC  2005/11/14-15 980,285,885 + 9 0.518 —398 +3 980,286,091 + 9 20+5 980,286,111 + 10
IMGC 2007/5/29 980,285,881 + 9 0.509 —398 +3 980,286,084 + 11 980,286,104 + 12
IMGC 2010/2/1-3 980,285,850 + 10 0.504 —390 + 1 980,286,047 + 10 47 +3 980,286,094 + 11
FG5#238  2018/6/11-12 980,285,581.2 + 3.3 1.2972 —398.9 + 4.1 980,286,098.7 + 6.3 244 980,286,120.7 + 6.3
AL0#39%  2018/9/25-26 980,285,768.4 + 2.7 0.720 980,286,055.6 + 4.1 980,286,077.6 + 4.1
FG5#238  2018/10/01-02 980,285,572.2 + 3.4 1.2942 980,286,088.4 + 6.3 980,286,110.4 + 6.3
FG5#238  2020/10/04-05 980,285,566.7 + 3.4 1.2942 980,286,083.6 + 6.3 980,286,105.6 =+ 6.3
AL0#39%  2020/10/06-07 980,285,755.9 + 3.4 0.720 980,286,043.1 + 4.5 980,286,065.1 + 4.5

* Average value of 2 measurements.
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Figure 6. (a) Long term gravity changes at the absolute station Sant’Angelo Romano (SARO) from 2005 to 2020 measured
with the IMGC-02, FG5#238, and A10#39 absolute gravimeters. (b) Gravity changes over 1995-2010 and 2010-2020 at
LNGSynp and LNGSgxT. (c,d) Long term gravity changes from 1954 to 2020 at the two 1954 satellite stations in Popoli
and Terni, respectively; for Popoli the trend correcting the 1954 value of the elevation change due to the correction for the

asphalt height change (pink symbols) is also shown (see text for details). The vertical red lines in each figure mark the time

of occurrence of the L’Aquila, Amatrice, and Norcia seismic events with magnitude Mw > 6.0.

The FG5#238 and A10#39 measurements were comparable with that measured with
the IMGC-02 in 2005 and 2007 (Figure 6a, taking into account the bias between the values
observed with the two instruments discussed in Section 4). This result, together with what
was observed at the satellite station, suggests long-term stability of the SARO station, and
confirms that the 2010 IMGC-02 value was feasibly affected by an accidental local effect.

The trend of the gravity changes over the 2005-2020 period at SARO is shown in
Figure 6a. Here the absolute value at the satellite station over the 2005-2010 period, the
gravity differences from the absolute station to the satellite one, and the value of the
measured local vertical gravity gradient from 2005 to 2018, are also shown (Figure 6a).

We also attempted to calculate the gravity changes at the LNGSex point, from 2010 to
2020, integrating relative and absolute measurements. As already mentioned, this station
was established in 2010 and was linked to the satellite stations of the absolute gravity
points belonging to the Colli Albani network.

The gravity variation was calculated considering the Ag measured in 2010 and 2018
through the absolute values collected with the IMGC-02 (recalculated at 0.72 m) and A10#39
at SARO and with A10#39 at LNGSgxt. The gravity variations for the period 2018-2020
were computed using data collected with A10#39 at LNGSgxr.
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The analyses carried out indicated that no significant gravity changes occurred in the
period 20102018 at LNGSgxt with respect to SARO, confirming the results obtained by
relative measurements, while a decrease of —23 pGal occurred in the period 2018-2020, as
discussed in Section 6.2.4 (Figure 6b). In the same interval 2010-2018 in the LNGSynp no
significant gravity changes were observed. In contrast to the latter, a large gravity increase
of +157 uGal, as recalculated by [19], was observed compared to 1995 considered with
reference to the absolute station of Monte Porzio Catone, also belonging to the Colli Albani
Network. This variation probably started before 2010, as suggested by the stability of the
absolute value at SARO, and by relative measurements between SARO and Monte Porzio
Catone from 2006 to 2010. However, it is worth noting that it is not possible to define the
exact time of occurrence nor the real amplitude of the variation. Furthermore, the measured
gravity increase could not be entirely linked to the 2009 earthquake at L’Aquila for certain
but, at least in part, it plausibly reflects pre- and co-seismic effects.

We also sought to compute very long-term changes at the 1954 satellite stations in
Popoli and Terni, whose original values were corrected in 1955 for the so-called “Potsdam
error” (approximately —14 mGal) [15], in order to be included in the 1955 new Italian
Reference Network [28] and subsequently in the FOGN77 Italian Reference Network [14].
For the comparison with the most recent measurements, we used the values corrected in
1955 for the Potsdam error. For Popoli, we noticed that the height of the asphalt of the road
was higher than that of 1954 as reported in the old monographs, i.e., in 2018 the road level
was the same as the 1954 sidewalk (unchanged until today). Therefore, in accordance with
the Italian highway code (D.M. 05/11/2001 and D.M. 19/4/2006), for which the height of
the sidewalk cannot be greater than 15 cm, the gravity value in Popoli was also corrected
for this variation. The corresponding gravity effect was computed considering a plate of
1300 kg/m?> (mean density value of the asphalt) and a BCFAG gradient of —254.1 uGal/m.
A correction of —38 pGal resulted and in this way the absolute 1954 value was reported to
the actual height of the road.

In Figure 6¢,d, the results obtained for Popoli and Ternisince 1954 are represented
and compared with the FG5#238 and A10#39 measures. To detect long-term changes over
the period 1954-2020, we also computed the linear trends, indicating a long-term gravity
increase of approximately 70 puGal in Terni, while no gravity variations were observed in
Popoli, after data had been corrected for the changed asphalt height. A gravity decrease
of approximately —40 uGal, considering the uncorrected 1954 original value, was also
reported, as shown in Figure 6¢c.

8. Discussion

This paper focuses on the results of the absolute gravity and GNSS measurements
carried out on a wide mesh network installed in central Italy and measured during three
field surveys in the period June 2018-October 2020.

After correcting for known effects, the absolute gravity measurements were referred
to the equipotential surface derived at the epoch of gravity measurements, through GNSS
measurements and using knowledge of the geoid undulations in the area.

A coherent pattern of small gravity variations over the investigated area was observed
in the short-term 2018-2020 period [10,25]. Specifically, a global gravity decrease between
—2 and —30 uGal, with very slight differences between the two instruments, was observed
in the stations of the network. The repetition of the GNSS measures indicated that no
significant elevation changes were detected during the time interval June 2018-October
2020 at each station of the network.

Since some stations of the new network coincided with points measured in the past,
we also attempted to detect the gravity/elevation variations at SARO, TERN, LNGS, and
POPL stations in order to characterize general behavior of the area over long and medium
terms, since this could contain effects linked to pre- and post-seismic phenomena. Even
though the measurements were discontinuous and carried out with different instruments,
it appears that the POPL and SARO stations showed a fair degree of stability in the
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period 1954-2020 and 2005-2020, respectively. Furthermore, positive gravity variations, of
approximately 70 uGal and 157 pGal, were observed at the TERN and LNGSynp stations
in the period 1954-2020 and 1995-2010, respectively.

The global co-seismic impact on the local gravity field generated by the elevation
changes due to the 2009 and 2016 earthquakes in central Italy has recently been modeled.
The model shows that the area affected by gravity changes was approximately 140 km long
and approximately 57 km wide, parallel to the Apennines, with a maximum positive gravity
change of approximately +170 pGal [43]. Hence, the medium-long-term gravity and ground
deformation variations related to pre- and post-seismic (i.e., compression/relaxation) were
also expected in the stations of the network we measured. Furthermore, central Italy was
affected by at least another 23 significant seismic events with M > 5.0 during the time
interval 1954-2009 [44] that could have generated cumulative gravity changes.

Nevertheless, the results of the long-term gravity (1995-2010) variation at LNGSynp
do not appear to be in agreement with the model because, specifically in the area around the
L'Aquila city, they show that the effect of the co-seismic elevation changes was a maximum
of +40 uGal which rapidly decreased, such that at the LNGS it was only —1/—2 pGal [43].

We can therefore conclude that the gravity changes observed over the period 1995-
2010 were not due to the co-seismic elevation changes, nor to the elevation changes at LNGS
evaluated from historical data over the same period, as it was +3.8 cm [45], corresponding
to a gravity change of approximately —10/—12 pGal. Since it is impossible to define
the occurrence time of the gravity change, we can only assume that it resulted from
a combination of several effects, including pre- and co-seismic effects, and represents
the response to underground mass/density changes. A similar study [46] analysed the
evolution pattern of regional gravity changes that occurred before and after the Wenchuan
Ms 8.0 earthquake, finding that some of the most meaningful indicators of earthquake
development were the positive gravity changes of up to 120 uGal recorded over many
years in the area.

Based on the data so far available for central Italy, it is not possible to construct an
interpretative model to explain the short and long-term observed variations. However,
conceptually, we can consider that the gravity changes observed over the 2018-2020 time
interval could reasonably be due to fluctuations of seasonal origin. In accordance with
this hypothesis, ground water level changes in the aquifers were considered as the source
of ground deformations both in the L’ Aquila area and in karstic massifs, as observed by
permanent GNSS measurements [47,48]. GNSS surveys carried out in the period 2018-2020
did not show significant changes. Since we have only two surveys and not an intermediate
one, possible fluctuations of seasonal origin cannot be identified. Moreover, it is likely that
we would not have observed these seasonal fluctuations due to the lower accuracy of our
surveys with respect to permanent monitoring.

To be able to construct an interpretative model of the observed variations, we intend
to perform several additional field surveys, integrating the absolute gravity measurements
undertaken with the traditional ballistic gravimeters, the primary method for absolute
measurements, with absolute discrete and continuous recording measures obtained with a
quantum absolute gravimeter (AQG) by Muquans, available since the end of March 2021 at
the INGV-OV. The repetition of absolute gravity and GNSS measurements over time could
provide valuable information on the deep processes related to earthquakes, over a critical
seismogenetic area, where catastrophic events have occurred in the last decades.

9. Conclusions

Large-scale gravity changes observed over long-medium terms, encompassing the
2009 and 2016 earthquakes in central Italy, contain information related to the earthquakes’
preparatory mechanisms, although understanding of the complex processes of energy
accumulation is limited by such factors as the distribution of the measurement points and
by the repetition interval.
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Apart from the limitations discussed above, we are confident that this work is useful
for defining data measurement strategies, data analysis, and correction procedures, but
no less for understanding the performance of the gravimeters used. By comparing the
absolute g values obtained with both FG5#238 and A10#39 absolute gravimeters, referred
to common heights of 0.72 m and the ground, we found that the values collected with the
A10#39 at all stations were lower than those collected with the FG5#238, with differences
ranging between —7 and —40 pGal. The results of the comparisons between A10#039
and FG5#238 together with IMGC-02, the national standard instrument in Italy, enabled
assessment of the discrepancy between the two instruments used in central Italy, even if
a coeval comparison of the three gravimeters is still desirable, and is already planned, to
better define the conversion factors.

The improved precision of the collected absolute gravity values will eventually also
impact on relative gravity measurements (performed for other purposes, e.g., hydroge-
ology) that could be referred and tested to these new absolute gravity points. Geodetic
applications will also benefit from the high precision of the absolute gravity data available
in this area (e.g., proper definition of a modern height system in Italy, improvements in the
estimate of the geoid that is nowadays fundamental in converting ellipsoidal heights into
normal or orthometric heights). Finally, our results should also be considered as a starting
point for a future project aimed at the realization of a new Italian gravimetric reference
network (G0) which is already in the planning stage [17].
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